Topologically interpenetrating polymer networks (IPNs) were prepared in bulk or in solution by the simultaneous crosslinking of two different prepolymers in the presence of suitable crosslinking agents and catalysts. The polymers selected were such that one consisted of a glassy and the other of an elastomeric network, and conditions were chosen to minimize or altogether avoid any chemical interreaction between the two networks, thus forming truly topological IPNs whenever possible.
I. INTRODUCTION
Since the introduction of the concept of chemical topology in 1961 1 , a number of systems exhibiting topological isomerism have been prepared 2 -16 , most of them catenanes, i.e. interlocking rings with no chemical bonds between them. These materials are topological isomers oftheir non-threaded Counterparts.
In recent years attention has turned to polymeric catenanes or interpenetrating polymer networks (IPNs) 7 -16 . A number of methods may be employed for the preparation of these materials. One consists of the sequential polymerization in which one crosslinked network is formed frrst, and is then swollen in another liquid monomer in the presence of a crosslinking agent and a polymerization initiator to form another crosslinked network. Polymerization and crosslinking of the imbibed system takes 229 place in situ to yield a sequential interpenetrating polymer network (SIPN) 11 -13 . Another type of IPNs is referred to as Iatex interpenetrating polymer networks (LIPN), and involves the mixing and coagulation of two different polymer lattices followed by fusion ofthe particles and simultaneous crosslinking 7 -10 • Still another type of IPNs is known as simultaneous interpenetrating networks (SIN), produced by mixing two monomers or prepolymers with crosslinking agents followed by simultaneous polymerization of the two networks via different crosslink mechanisms 1 4-16 • Permanent entanglements will form, depending upon the mode of synthesis and the relative cohesive energy densities. If the latter differ very much, total phase separation will occur. In order to obtain truly chemical topology in these polymer systems, it is necessary to select the two polymers in such a way that little or no reaction occurs between them, i.e. that the formation of any covalent bonds between the two networks is minimized or avoided altogether. Previous studies in our laboratory 7 -10 have indicated that it is desirable to select a combination of polymers consisting of a glassy and a rubbery polymer. In this manner additional reinforcement ofthe composite structures can be achieved and a morphological analysis by means of glass transition measurements carried out. The purpose of this paper is to present the synthesis, properties and morphologies of some of the IPNs which were recently produced in our laboratories. In every instance a polyurethane was used as the rubbery system while the glassy system employed was selected from polyepoxides, polyacrylates, polymethacrylates, unsaturated polyesters and styrene .. The IPNs were prepared by mixing the linear prepolymers in the presence of crosslinking agents and catalysts, either in bulk or in solution. The resulting mixtures were then cast in the form of sheets or films, crosslinking them thermally in situ, thus forming SIN polymers.
II. EXPERIMENTAL

A. Materials
Table llists the raw materials used in these studies. All polyols (hydroxylterminated polyethers or polyesters) were dried at 80°C for five hours under a vacuum of 0.1 mmHg. Styrene and divinylbenzene (DVB) monomers were washed with five per cent aqueous potassium hydroxide solution, followed by distilled water, dried over Linde 4A molecular sieves and distilled at 40°C under 2 mmHg pressure. Methyl methacrylate was distilled at 50°C under a vacuum of 1 mmHg pressure. 2-Butanone oxime was dried by refluxing under a vacuum of 1.5 mmHg for six hours. The solvents used were reagent grade and were dried over molecular sieves. All other materials were used without any further purification.
B. Procedures (J) Polyurethanes (PU)
(a) Preparation of prepolymers-Nine different isocyanate-terminated prepolymers were prepared from hydroxyl-terminated polyethers or polyesters at a NCO/OH ratio of 2/1. The composition and designation of these prepolymers are shown in Table 2 . Two equivalents of the diisocyanate were charged into a resin kettle. One equivalent of the polyol was added with 230 (b) Blocking of isocyanate-terminated prepolymers-A number of IPNs were prepared from some of the above prepolymers and a melamine eured polyacrylate eopolymer. The latter crosslinks via the pendant hydroxyl groups present in the polyacrylate eopolymer. Therefore, it was neeessary to bloek the isoeyanate group of the prepolymers to prevent a ehemieal reaction between the isoeyanate and the hydroxyl group in the polyaerylate. Bloeking was earried out with the following prepolymers: PM 660 + H 12 MDI, PM 1000 + H 12MDI, PM 660 + MDI, PM 660 + XDI, and TMP + H 12 MDI.
A slight exeess of 2-butanone oxime and 0.2 per cent by weight of dibutyltin dilaurate eatalyst (T-12) were added to eaeh of the prepolymer solutions (50 per eent in eellosolve aeetate). The reactions were earried out at 80°C with nitrogen sparging until the isoeyanate eontent reaehed zero, indieating complete bloeking of the isoeyanate group 1 7 • Debloeking of the isoeyanate group takes place at about 159°C, while the melamine eure ofthe polyacrylate takes place at about 100°C. Hence, it is expected that the latter will eure first before debloeking of the isoeyanate oeeurs with subsequent ehain extension and erosslinking of the urethane polymer, thus reducing the possibility of ehemieal interaetion between the two polymer systems.
(e) Chain extension and curing-For the preparation ofmoulded sheets, an equivalent weight of the euring agent(s) was mixed with the prepolymer and eured in a sealed mould.
In the preparation of films, an equivalent weight of the euring agent in 50 per cent eellosolve aeetate solution and 0.1 per eent weight of stannous 232 octoate were added to the 50 per cent solution of the prepolymer in cellosolve acetate. Films of 0.002--0.003 inch thickness were cast on glass and were heat cured. Table 2 shows the curing conditions as well as the composition and designation of the fully cured polyurethanes.
(2) Polyepoxides (E) Two epoxy resins were employed, Epon 828 (bisphenol-A-epichlorohydrin resin) (E-1) and Epon 152 (novolac-epichlorohydrin resin) (E-2). Films of both were cast and cured with 2,4,6-tris(dimethylaminomethyl) phenol (0.5 per cent) (DMP-30). Epon 828 contains a small amount offree hydroxyls which may possibly react with the isocyanate during IPN formation. Epon 152 has none.
Two unsaturated polyesters were used, one ofwhich was highly unsaturated (dipropylene glycol maleate) (PE-2) while the other was more flexible, containing adipate units in addition to the maleate units in the polyester moiety (PE-1). Both polyesters were crosslinked with styrene monomer.
(a)PE-1-To 100g ofpolyester prepared from 0.2mol ofmaleicanhydride, 0.8 mol of adipic acid, 0.2 mol dipropylene glycol and 0.9 mol of diethylene glycol, were added 30 g styrene and 1.3 g (one per cent) of benzoyl peroxide. The mixture was stirred and castings made, between glass plates sealed with ruhher gaskets in order to prevent monomer evaporation. The polyester was cured at 85°C for sixteen hours.
(b) PE-2-This unsaturated polyester (dipropylene glycol maleate) (P-373) was mixed with styrene and benzoyl peroxide :md castings made as described above.
(4) Polyacrylates and polymethacrylates (PA)
(a) PA-1-This was a random copolymer consisting of butyl acrylate, styrene, methacrylic acid and hydroxyethyl methacrylate, which was used as a 50 per cent solution in cellosolve acetate and xylene. Only a small amount (less than one per cent) ofmethacrylic acidwas present and served as catalyst for the curing reaction. Crosstinking took place by reaction of the pendant hydroxyl groups of the acrylate copolymer with a butylated melamine formaldehyde solution (60 per cent solids in xylene and cellosolve acetate). 5 g ofthe modified melamine resin solutionwas added to 149 g ofthe acrylate copolymer solution. The films were cured at 150°C for four hours.
(b) PA-2-A crosslinked polymethyl methacrylate (PMMA) was prepared by reacting methyl methacrylate monomer (MMA) and trimethylolpropane trimethacrylate (TMPTMA) in the presence of one per cent by weight of benzoyl peroxide (BP0) 23 . The reaction was carried out at 80°C in a waterjacketed resin kettle. A PPMA prepolymer syrup was obtained by stopping the reaction at 10-20 per cent conversion. Crosstinking was accomplished by further reacting the PMMA prepolymer syrup in a sealed mould at 80°C for sixteen hours and at l10°C for four hours. The TMPTMA levelwas chosen to give a crosslink density of 0.5 x 10-4 _mo1jcm 3 in the cured polymer. 233 (5) Styrene copolymer (PS) A styrene copolymer was prepared by reacting styrene monomer and divinyl benzene (DVB) in the presence of one per cent BPO catalyst. The preparation of the PS prepolymer syrup was carried out at 80°C and was stopped when a 20 per cent conversion was reached. CrossliDking was accomplished by further reacting the PS prepolymer syrup in a sealed mould at 80°C for sixteen hours and at l10°C for four hours. The DVB levelwas chosen to give a crosslink density of 0.5 x 10-4 mol/cm 3 in the cured polymer 23 . (6} Interpenetrating polymer networks (IPNs) All IPNs were binary systems and were prepared by blending the appropriate prepolymers tagether with crosslinking agents (if not already present in the prepolymers) and catalysts. Films were cast from solution and then heat cured or sheets moulded in a closed mould. The designation, composition and curing conditions for the IPNs are listed in Table 3 .
The tensile strengths and elongations at break were measured on an Instran Tensile Tester at a crosshead speed of 2 in/min. An exception was IPN 11 (PU 9 + PS) when the crosshead speed was 20 in/min. Infra-red spectra were obtained on a Perkin-Eimer Model 457 infra-red spectrophotometer at room temperature. ( 
4) Electron microscopy
Sampies were stained in osmium tetroxide for two weeks, after which they were embedded in epoxy resin 18 , sectioned on an LKB Ultratome 111 and observed with an AEI 6B and a Phillips 300 electron microscope. except for IPN 10, a maximum in tensile strength significantly higher than the tensile strength ofthe components occurred. This behaviour is typical of latex IPNs made previously in this laboratory 7 -10 • In the cases ofthe IPNs 4-9 where no phaseseparationwas observed the maximum may be attributed to an increase in the crosslink density due to interpenetration, since it is well 236 known that the tensile strength of a crosslinked rubber goes through a maximum as the crosslink density increases. IPN 10, made from a very highly crosslinked polyurethane (trifunctional prepolymer as well as a trifunctional chain extender) showed no such enhancement in tensile strength, as would be expected. This high degree of crosslinking lowers the statistical probability of threading, thereby precluding the reinforcing effect of interpenetration. 'IPNs 4, 5, 6 and 7 showed minima at 75 per cent polyurethane, and IPN 8 showed no minimum. The minima presumably may be attributed to initial weakening of hydrogen bonding at small values of interpenetrating (more of one component than the other). After about 25 per cent of one componept, the crosslink density effect takes over, thus raising the tensile strength tö a minimum. IPNs 6 and 7 (minima at 75 per cent polyurethane) are made from polyurethanes with H 12 MDI (cycloaliphatic) as the isocyanate, while IPN 9 used XDI (an aralkyl) and IPN 8, MDI (an aromatic). Thus, it appears from this work that aliphatic polyurethanes yield IPNs with tensile strength minima near the pure polyurethane, while aromatic (and aralkyl) polymers result in either no minima or minima near the pure polyacrylate. IPNs 4 and 5 (made from an aromatic polyurethane and polyepoxides, a relatively nonpolar polymer) showed minima near the pure polyurethane. Another possible reason for the maximum in tensile strength is intermolecular crosslinking occurring between the two networks to result in a better cured system. Specifically, Epon 828 does contain a small amount of free hydroxyls which could react with the isocyanate-terminated prepolymer. However, Epon 152 contains none. Since the behaviour of IPNs 4 and 5 was quite similar, we may assume either that this reaction does not occur, or, that if it does, it has a minimal effect on the properties of the IPN. Also, the isocyanate-terminated prepolymer may possibly react with excess hydroxyl on the polyacrylate backbone, or with a small amount of amine hydrogen possibly present on the melamine polymer. However, infra-red analysis of IPNs 6-10 (below) suggests these side reactions tobe minimal. 
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Except for IPN 10 (made from the highly crosslinked rigid polyurethane) the elongations behave basically in the same way (see Figure 2) . They all decrease rapidly as the polyurethane content decreases until about 50 per cent at which point they approach the value of the pure polyacrylate or polyepoxide.
Tables 4 and 5 Iist the tensile and tear strengths tagether with breaking elongations for IPN 11 (PU 9 +PS) and IPN 12 (PU 9 + PA-2), both cases where phase separation was observed. The enhancement of the tensile strength in IPN phase separated systems is a combined result of reinforcement by the glassy dispersed phase and increased physical entanglement and adhesion of phase boundaries due to interpenetration. In these instances, reinforcement is most probably a result of the accepted mechanism of rein-238 forcement of ruhher with high modulus fillers, enhanced hy phase adhesion and small domain sizes due to interpenetration occurring at the houndaries. As can he seen from Table 4 , the tensile strength of the IPNs (IPN 11) increases with increasing polystyrene content. Data on the higher PS-containing polymers are not presented due to the hrittleness of the cast sheets. The elongation at hreak shows a slight increase from 100% PU to 85% PU/15% PS and then drops at 75% PU/25% PS. This drop in the elongation at 75% PU also suggests that phase inversion occurs at ahout 75% PU/25% PS (where the continuous matrix changes from the elastomeric PU to the rigid PS). The tear strength also shows a slight enhancement in high PU -containing IPNs and drops at 75% PU /25% PS, which is consistent with the elongation and the morphology results. Table 5 shows the corresponding data for IPN 12 (PU 9 + PA-2). As in the case ofiPN 11, an enhancement ofthe stress/strain properties at high PU content was ohserved. A sharp drop in these properties was noted in the region from 75% PU/25% PA-2 to 60% PU/40% PA-2. However, in cantrast to IPN 11, the tear strength of IPN 12 increases from 75% PU /25% PA-2 to 60% PU/40% PA-2.
B. Infra-red analysis
Infra-red spectra of IPNs 6-10 showed all the hands of the constituent networks with no new ones appearing. The positions of all the hands in the IPNs were the same as in the components. This is an indication that within the limitations of this technique, little interreaction hetween component polymers has taken place during eure. Table 6 shows the TgS of IPNs 1, 2, 3, 6, 11 and 12 and their component networks. Also shown are the arithmetic means of the ~s of the components. For IPNs 1, 2, 3 and 6 one ~ intermediate in temperature to the ~s of the components and as sharp as the ~s ofthe components resulted. This supports the possihility of interpenetration of at least a similar extent as that found for the latex IPNs made previously hy us. In fact, interpenetration is prohahly more extensive now since the ~s are much sharper than those of the latex IPNs in which the transition of one component ran into that of the other 10 . Also, the enhancement in tensile strength of these IPNs was much greater than that of the latex IPNs. In these IPNs, some intermolecular reaction might he expected. In IPNs 1 and 2, the isocyanate terminated prepolymer may possihly have reacted with the terminal hydroxyls on the polyester. In IPN 3, the isocyanate may react with the small amount of pendant hydroxyls on the epoxy. In IPN 6, the isocyanate might react with excess hydroxyl on the polyacrylate hack hone, or with a small amount of aminehydrogen present on the melamine-formaldehyde resin. This small chemical interaction, which prohahly could not be seen in the infra-red spectra, most likely contrihutes to the apparent single phase morphology, since IPNs 11 and 12 (in which no interreaction is possihle) show a multiphase hehaviour. In IPNs 11 and 12, two ~s corresponding to the ~s of the component networks were ohserved. However, these ~s were shifted inwards. This agrees with the existence of two phases ohserved hy electron microscopy (helow). The shifting of ~s is 239 solely attributed to the interpenetration in these cases, since there is little or no possibility for chemical interaction between component networks. The shifting is more apparent in IPN 12 (PU 9 + PA 2) than in IPN 11 (PU 9 + PS) which indicates less phase separation (smaller phase domain sizes) in IPN 12. This agrees with the closer solubility parameter ofPA2 (9·3) 20 than PS (9.1) 21 to polyurethane (10.0) 22 • A complete theory ofthe thermal properties of IPNs has not up to this time been developed due to the mathematical difficulties of handling the details of topological constraints imposed by the extensive permanent entanglements present in these materials. The usual assumption made in the theory of conventional crosslinked polymers (containing only small amounts of permanent entanglements) is that permanent entanglements act effectively like chemical crosslinks. If this assumption is valid for IPNs, then we can employ simple modifications of an existing theory for conventional crosslinked polymers to explain or correlate the observed DSC glass transition temperatures.
C. Calorimetric measurements
In examining the Tg5 of the IPNs (Table 6 ) we see immediately that the ~ of the IPN is always lower than the ~(av) defmed by
( 1) where W 1 is the weight fraction of component 1 and ~(1) and ~ (2) are the ~s of components 1 and 2 respectively. This observation may be consistent with a modification of a theoretical equation of DiBenedetto (unpublished result quoted in ref. 19 ) relating the shift in glass transition temperature to degree of crosslinking. Ordinarily, chemical crosslinking in conventional polymers raises the ~-If ~ is the glass temperature of the crosslinked polymer, ~. 0 the glass temperature of the uncrosslinked polymer, Xe the mole fraction of monomer units which are crosslinked in the polymer, eJem the ratio of the lattice energies for crosslinked and uncrosslinked polymer and F JF m the ratio of segmental mobilities for the same two polymers, then the Dißenedetto equation reads
Any copolymer effect due to crosslinking is to be accounted for by modifying ~. 0 • For chemically crosslinked polymers eJem ,..., 1 (DiBenedetto estimates this to be about 1.2) and the mobility of a chemically crosslinked segment
.., 0. Hence equation 2 can be simplified in a first approximation to
which exhibits the often experimentally observed increase of ~ with Xe· In the case of an IPN we must modify equation 2 by replacing ~. 0 with ~(av). This should account in a first approximation for the copolymer effect which is obviously present with the IPNs. Next we note that eJem = 1 since the monomer units ofboth networks arenot chemically modified on forming an IPN as a result of forming permanent entanglements by topological A maximum in tensile strength was observed in completely phase mixed IPNs and was explained by the increase of the apparent crosslink density due to permanent chain entanglements. In the two cases where phase separation occurred (IPNs 11 and 12) , the electron microscopy again agreed weil with the glass transition behaviour. Two I'gs were seen corresponding to the I'gs of the component networks. The electron micrographs showed a dispersed and a continuous phase. The inward shifting of the TgS (which implies less phase separation and more interpenetration) was greatest with the acrylic polymer, as would be expected from their solubility parameters. There exist several possible reasons for phase separation occurring here with none occurring in the earlier cases with similar polymers. There is little or no possibility for grafting between the networks to occur here while there was in the single phase IPNs. This would reduce the differences in cohesive energy density of the two polymers and ailow phase mixing. Also, the chemical nature of the polymers in the phase mixed and phase separated IPNs was not exactly the same. It is weil known that smail differences in the chemical composition of polymers results in grossly different morphologies. For example, poly(2,6-dimethyl phenylene oxide) (PPO) was found by MacKnight and co-workers 24 to be completely compatible with polystyrene. However, poly(oc-methylstyrene) does not exhibit this behaviour with PPO.
Further studies with the linear Counterparts of these polymers should further elucidate the role played by interpenetration in the morphology and properties ofthese IPNs.
